The Stellenbosch University CT Scanner Facility is an open access laboratory providing non-destructive Xray computed tomography (CT) and a high performance image analysis services as part of the Central Analytical Facilities (CAF) of the university. Based in Stellenbosch, South Africa, this facility offers open access to the general user community, including local researchers, companies and also remote users (both local and international, via sample shipment and data transfer). The laboratory hosts two CT instruments, i.e. a micro-CT system, as well as a nano-CT system. A workstation-based Image Analysis Centre is equipped with numerous computers with data analysis software packages, which are to the disposal of the facility users, along with expert supervision, if required. All research disciplines are accommodated at the X-ray CT laboratory, provided that non-destructive analysis will be beneficial. During its first four years, the facility has accommodated more than 400 unique users (33 in 2012; 86 in 2013; 154 in 2014; 140 in 2015; 75 in first half of 2016), with diverse industrial and research applications using X-ray CT as means. This paper summarises the existence of the laboratory's first four years by way of selected examples, both from published and unpublished projects. In the process a detailed description of the capabilities and facilities available to users is presented.
Introduction
The history and principles of X-ray CT has a South African connection, as the physicist, Alan M. Cormack, who jointly developed the technique of computerised axial tomography (CAT) scanning with Godfrey N. Hounsfield, was born in South African [1] . More than 40 years later, South Africa is once more leading the way, leaving a relatively big footprint in X-ray CT applications, having a large number of systems installed across the country. In particular, three research institutions with accessible facilities: NECSA (The South African Nuclear Energy Corporation SOC Limited) that focus on research applications [2] , Wits University focusing on fossils and paleontology, see e.g. [3] and the Stellenbosch University open access facility being described in this paper. The bi-annual national ''Imaging with Radiation" conferences (most recently hosted in Stellenbosch [4]) bring together users from these various facilities and demonstrate the high quality applications-based research and development being done in South Africa with regards to X-ray CT. Besides this presence, South Africa has been at the forefront of X-ray imaging development through the ''full body Lodox scanner" developed locally [5] and originating from diamond scanners established at De Beers [6] .
Principally, CAT or CT involves the acquisition of projection images from 360 degrees around the object, which are then reconstructed into a three-dimensional (3D) volume by using dedicated computer algorithms [7] . Since its first demonstration in 1971, CAT scanning found immediate use in the medical field, which lead to the Nobel Prize being awarded jointly to the developers of the technique, as mentioned above. Besides its huge impact in the medical field, the use of X-ray CT for investigating the internal details of objects non-destructively was also investigated from the early 1980 0 s for non-medical applications. See, for example, some early work in materials science [8] , wood science [9] and industrial applications [10] . This usage continuously increased as computing power, hardware and software advances were made, up to the point today where laboratory systems are available with resolutions up to 500 nm or better and voltages up to 450 kV or more. Software tools have become more user friendly and computer power has allowed ever larger volumes to be recorded and analysed. The diverse applications of modern X-ray CT is described in a number of recent reviews covering biology [11] , food sciences [12] , the geosciences [13] , agricultural produce [14] as well as materials sciences [15, 16] , industrial applications [17] and metrology [18, 19] . Non-destructive 3D imaging and analysis has emerged as a useful structural and dimensional analysis tool, starting to complement other more routine analytical tools i.e. scanning electron microscopy (SEM). In many cases X-ray CT offering unique insights, either by way of its non-destructive nature or its 3D imaging capability, revealing 3D structures not previously seen or understood. The driving force behind X-ray CT to become a more routine and accepted analytical technique (in the form of multiuser facilities such as the one described in this paper), is the ability to extract key parameters from images and then provide quantitative information. This paper aims to demonstrate the abilities and experience associated with the CT Scanner Facility at Stellenbosch University by showcasing a range of projects, both published and unpublished, from the first four years of its existence.
CT Scanner Facility
The CT Scanner Facility at Stellenbosch University houses a walk-in cabinet micro-CT scanner system for large samples, as well as a nano-CT scanner for highest resolution when using small samples, both manufactured by General Electric Sensing and Inspection Technologies/Phoenix X-ray (Wunstorff, Germany). The micro-CT scanner contains two X-ray tubes, one with a reflection-type target and the other with a transmission target, with the maximum voltage of the reflection target being 240 kV and that of the transmission target being 180 kV. Similarly, the nano-CT scanner is limited to 180 kV, though resolutions below 1 lm require less than 100 kV.
The models are General Electric VTomex L240 and Nanotom S, and basic specifications are provided in Table 1 .
The nanoCT instrument is well suited to small samples, and it is generally suggested that all samples (of any material type) smaller than 10 mm in diameter be scanned using the nanoCT instrument. The main reason for this is the better sample stability and the lower power X-ray tube which is very stable over long periods, ensuring sharper images from small samples. The transmission type X-ray tube has a diamond window fitted which results in increased X-ray emission compared to the typical transmission tube. This system also allows continuous scanning as an option, compared to typical stepwise rotation. This is useful for some applications where sample stability is an issue and allows relatively faster scans. Typical scan times are between 1 and 4 h for this system depending on resolution and quality requirements.
The microCT instrument is generally used for samples larger than 10 mm up to 300 mm in its longest axis. Larger samples are possible but scan times become excessive and such samples are usually better suited to medical CT. Samples containing metal or rock are usually scanned preferably with the microCT instrument's high-power tube which allows up to 240 kV and high currents in reflection mode. This allows more beam filtration and a sharper image with less beam hardening and other artifacts. The microCT instrument also contains a transmission X-ray tube, similar to that in the nanoCT which is useful for large batches of smaller samples not requiring high power. It is also useful in the event of downtime of the high-power tube which occurs often for this type of system. Typical scan times for this system are between 30 min and 1.5 h depending on the resolution and quality requirements.
Voxel sizes mentioned above are calculated based on the geometrical magnification of the scan setup, ie. The sample's distance from source and detector's distance from source. The voxel size and physical resolution are not necessarily the same, as the resolution can become very poor even with a good voxel size, when a very large X-ray spot is used, for example. However, under normal operating conditions the X-ray spot size is kept smaller than the voxel size and the distances of the sample and detector are kept such that the detector pixel size does not cause unsharpness. Therefore the terms voxel size and resolution are often interchangeably used. Systems are dimensionally calibrated in the factory and checked on a regular basis, as part of system maintenance. Additional dimensional calibrations can also be done as required.
Analysis can be performed on Windows (Microsoft Corporation, Washington, USA) workstations with multi-core CPUs, high-end graphics cards and between 64 and 128 GB random access memory (RAM). Most analysis tasks are performed with the software package Volume Graphics VGStudioMax 2.2 (Volume Graphics, Heidelberg, Germany) and the completed analysis, along with full volume data, is provided to the user with a corresponding free viewer program called myVGL (Volume Graphics, Heidelberg, Germany). Avizo Fire 9.0 (FEI, Oregon, USA) and Simpleware (Simpleware Ltd, Exeter, UK) software is also available at our facility's numerous workstations when users are required to do their own analysis, additionally having access to expert supervision and guidance when working at the facility.
As the CT Scanner Facility at Stellenbosch University is service orientated, analysis can also be performed on 3D data sets without the need for CT scanning, i.e. users who submit data via ftp file transfer. Other unique aspects related to this open access facility include very fast turnaround time due to high throughput requirements and the acceptance of all work, without any delays or application procedures. Furthermore, the user can be present or absent, depending on the requirement (that include sample loading, scanning, reconstruction, basic or advanced analysis, data transfer and return shipment or feedback session).
In the following section, special cases encountered at the CT Scanner Facility at Stellenbosch University are showcased. In these examples, the case study (objective) is stated, followed by highlighting valuable functionalities of CT scanning that allowed the respective study to be successful. This acts as a platform from where the capabilities of the CT Scanner Facility at Stellenbosch University is described, also reviewing the scientific outputs of the last four years (keeping in mind that some outputs might not have been disclosed, since the facility is open access).
Special cases encountered at the CT Scanner Facility at Stellenbosch University

Multi-scan process for long shaped samples
A study was conducted in order to investigate the porosity of the titanium casting process and to investigate the effect of hot iso- static pressing (HIPping) on the porosity quantitatively [20] . As the rods were quite long (approx. 100 mm long and 30 mm wide), sections were scanned at high resolution and stitched together. As the best resolution limit (in lm) is roughly equal to the width of the sample in mm (a basic guideline), it was best to rather use multiple scans that would allow a higher resolution data set, compared to single scans of the elongated samples. This revealed some interesting and unexpected small sub-surface micro-porosity, at extremely low levels of average porosity (very few pores), which would have been almost impossible to detect by other means. This is also a good example of the same sample imaged before and after some processing step, in this case hot isostatic pressing (HIPping), which is meant to remove all porosity. Another example of a long sample subjected to multi-scan, is one where a Ti6Al4V part produced by additive manufacturing was analysed at high resolution, before and after HIP treatment. The highest possible resolution revealed thin lack-of-fusion defects, which would have been impossible to detect by other means being, but ultimately a very important finding about the mechanical strength of the additive manufactured parts. It was also found that these defects were not sufficiently closed by HIP treatment, due to their connection to the surface [21] .
Constructing density calibrations
One common misconception is that X-ray CT scans inherently produce density values in 3D. Although CT data can be calibrated for density determinations, as has been demonstrated by numerous authors, it is not a simple process. The reason being that scans need to be done with calibration standards in the same scan volume of the sample of interest. In our laboratory we have developed a unique method to calibrate densities for plastics and biological materials, as well as test whether the calibrations are accurate for the unknown materials by using a dual energy CT test [22] . The method works well for most biological samples and has been applied with great success to maize kernels [23] . It must be kept in mind that the voxel data is a grey value which can be recorded in various bit depths, also floating point format in some cases. In most cases in our laboratory we have standardized on using unsigned 16-bit data, which results in grey values between 0 and 65,535 (2 16 for 16 bit data). These values vary according to the densest object in the scan volume, and therefore it is possible that metal and wood materials in two different subsequent scans can both have the same grey values of 50,000. But when the metal and wood are put together in a single scan, the metal may have a grey value of 50,000, while the wood will then have a much lower value e.g. 20,000. Furthermore, the wood can possibly have a similar density as the mounting material and even the surrounding air, making image processing very challenging.
It is important to realize that laboratory based X-ray sources are polychromatic in nature, which means that the grey values obtained (and attenuation coefficient) depends on the instrument (source, detector), its settings (kV, filtration), as well as the sample itself and the container or mounting material in the scan field of view.
More samples in one scan
The work of Guelpa et al. [23] was extended to demonstrate scanning of 150 maize kernels in one scan [24] , thereby demonstrating the possibility of scanning many samples together to save time (and hence cost). Regardless the reduction in magnification (scanning 150 kernels at 100 lm rather than 10 lm for one kernel) sufficient detail was captured, along with the larger statistical analysis that could be performed in a shorter time (on features that are relatively large). However, this is only possible for very small and low density samples. Usually the larger number of samples would reduce the penetration and thereby reduces the image quality along with the poorer resolution. Another successful application of this method was in work published from scans of bovine bone samples of 20 mm diameter [25, 26] .
Image quality in general is a difficult parameter to quantify: one method is to record grey values and their variance in the sample of interest and in the background, while another method is to record a line profile across the edge of a flat sample surface. In the first method, the signal to noise ratio shows the brightness of an image (and lack of noise), while the line profile will show edge sharpness. Image quality depends on various parameters but when considering polychromatic laboratory based X-ray sources and typical samples, the grey value variations are much larger than the bin size even in 8-bit data types. Since the detectors used are typically from 12 to 16 to bit in depth, any further data depth will not result in improved image quality. In fact even 8-bit would be sufficient in most cases without a significant lack of image quality.
Imaging cellular structure
Since the Stellenbosch CT facility is housed in the Department of Forestry and Wood Science, numerous wood science projects have been conducted. These include the investigation of wood cellular structure degradation due to fire damage [27] and the observation of cell-wall density changes in welded beech wood [28] , amongst others. Both these studies involved high resolution scans of small sections of wood and the interest was in visualising and quantifying the cell wall densities. Cutting such samples damage the cell walls, thereby making X-ray CT a preferred analysis method compared to surface analysis tools. In these case studies the samples were between 0.5 and 2.5 mm in diameter, with voxel sizes ranging from 0.5 to 2 lm. Wood cells have thicknesses in the range of 2-8 lm, therefore their imaging is relatively simple by micro-CT and nano-CT. High quality 3D images of cellular structures such as wood allow simulations to be performed to investigate material dynamic properties such as permeability, which can be useful for understanding physical structures that hamper or enhance flow rates, and for comparing different types of samples with regards to permeability. In Fig. 1 a simulation is shown on a Eucalyptus wood sample of 500 lm width. The outputs from a simulation include absolute permeability and flow rate values.
Geological and paleontological applications
In terms of geological applications, one recent example was the analysis of exploration drill cores containing tungsten minerals and the quantification of the total volumetric tungsten mineral content thereof [29] . Conventionally, the standard industry technique of crushing along with chemical analysis is followed, but the X-ray CT method was very accurate compared to the traditional method and much faster, even providing additional information on particle sizes. Other geological applications include analysis of microwave-treated ore particles during a long-term heap leaching experiment [30, 31] where the development of cracks and removal of minerals could be directly visualised in the same particles subjected to time-lapse X-rayCT experiments. A recently published result from our facility highlighted the 3D and directionality information that can assist in understanding deposition mechanisms of mineral deposits, i.e. barite in a paleosol environment in this particular case [32] . Further work has also been conducted on the visualisation of diamonds in situ in kimberlite rocks [33] and also in cut diamonds for fingerprinting of individual stones by their unique inclusions (their 3D locations) [34, 35] .
Paleontology and archeology are fields which have embraced the use of X-ray CT for non-destructive analysis of fossils, some-times still embedded inside host rock. One example from our laboratory is provided in [36] , where it was shown that the X-ray CT data could be used as a starting point for laser processing (to remove rock by laser ablation according to the 3D data). Another recent example is that of a frog species and comparison of bone morphology of modern frogs to that of fossils of extinct frogs, using advanced image processing techniques [37] .
Ancient artifacts
Ancient artifacts, such as Egyptian mummies, are well suited to non-destructive analysis by X-ray CT. One good example is that of animal mummies hosted in South African museums, which were subjected to micro-CT scans. Many of these were found to be fakes (containing only reeds or parts of animals), while others were actual well preserved full animals [38] . The data of one of the fully preserved animals was used to create a CAD file and subsequently 3D printed, which was aimed at increasing the impact of the museum display [39] . One of the samples was found to contain interesting and unexpected stomach contents after being analysed by a high resolution close-up scan. Even though the outside of the sample entirely filled the field of view of the detector, this close-up (volume-of-interest or a sub-volume) scan was possible. The higher resolution allowed strikingly clear visualisation of a mass of bones as seen in Fig. 2 , and upon closer inspection, it was found to be the remains of a number of different rodents and a small bird, indicating over-feeding and subsequent early falconry in ancient Egypt [40] .
Biological applications
Biological applications can be quite remarkable and one excellent example from our facility is that of brooding brittle stars (with babies inside in their natural state) [41, 42] , which would not have been possible to view in any other imaging modality. One striking image is shown in Fig. 3 , where the combination of high and low resolution scans allows the imaging of the internal details, as well as the exterior in full, including the legs of the brittle star. Fig. 1 . Imaging cellular structure in 3D allows image-based simulations, e.g. of fluid flow. Visualised here is the cellular structure of a selected cube of eucalyptus wood of 500 lm wide, to which a simple fluid flow simulation was applied using the viscosity of water and a pressure difference as input parameters. The absolute permeability is determined, which is close to the literature values known from this wood type. 
Additive manufacturing
Additive manufacturing and 3D printing has been of particular interest in our facility, as already demonstrated in a 2012 conference paper [43] and subsequently, a series of studies were completed on: the quantification of print quality from consumer printers [44] , directionality found in porosity of such parts [45] , lack of fusion defects which could be identified before and after HIP treatment [21] and, more recently, some work on quality control of medical implants produced by additive manufacturing [46] and the analysis of Ti6Al4V tensile samples before and after loading [47] . Besides these efforts, the Stellenbosch Idea2Product lab [48] was initiated in 2015 and continues to print objects ondemand, also from X-ray CT data.
Facilitating large numbers of samples
One of the useful aspects of an open access facility is the larger number of samples that can be analysed cost effectively, allowing statistically effective sample numbers. Usually, a particular analysis is first optimised in terms of scan quality and type, as well as analysis requirements, following a decision on batch size. Performing scans and analyses in batches (on large numbers of samples) also assists in keeping the quality between scans directly comparable. Some of the largest numbers of samples scanned to date are lizards, pears and plums. The large series of lizards scans (approximately 400 lizards) were scanned recently and this work is still being processed and will be published in the near future. The pears and plums were the topics of two different horticultural studies over the last 4 years [49] [50] [51] . The total number of pears scanned exceeds 200, at 30-60 min scan time per pear. Plums were approximately 100 at specific times of development, at 30-40 min scan time per plum.
Industrial applications
Industrial applications are seldom reported, but we have described one example illustrating the type of analysis possible for ''routine" X-ray CT analysis [52] , while another conference paper demonstrates the ability to test an airplane engine casing [53] . Instead of reporting any industrial work, an example is shown in Fig. 4 of an Image Quality Indicator (IQI) which is typically used in industrial X-ray inspection using 2D X-ray images. In this case, we scanned this object and found the thickness values to be slightly different than specified, due to the wires not being perfectly cylindrical. The IQI (DIN62FE, 10ISO16) has specified diameters of 0.40 mm, 0.32 mm, 0.25 mm, 0.20 mm, 0.16 mm, 0.13 mm and 0.10 mm, respectively. It is worth mentioning that for high quality scans, sub-voxel accuracy is possible, which means that dimensional accuracy is guaranteed to be better than the voxel size of the scan. A full description of this sub-voxel precision is not relevant here, but some information can be found in [54] and the ASTM standard for ensuring high scan quality can be found in [55] .
In this particular case, the scan data was analysed using the advanced surface determination function in VGStudioMax 2.2, followed by best-fit cylinders fitted to the central section of each wire and diameters measured as shown in Fig. 4 . These diameter values are very close to the expected values, except for the smallest one which is visually seen to be non-cyindrical in the CT slice data. The CT cross-sectional slice images for the largest and smallest wires are available as supplementary material. This scan was done with a 25 lm voxel size, allowing 4 voxels across the thinnest wire of 100 lm wire. When considering grey value differences, the error in segmentation of the edge of a material can be understood as being as much as one or two voxels on either side of the wire, taking this case as example. With the help of sub-voxel interpolation of grey values and advanced algorithms incorporating local optimization in addition to global thresholding, the edge determination can Fig. 3 . A brittle star with 7 babies segmented by colour. This image was taken through a combination of low and high resolution scans, merging the scans and manual segmentation of the young. Image courtesy of Jannes Landschoff. be more accurate than the voxel size. The accuracy and precision are strongly influenced by the data quality, and the dimensional calibration of the CT system.
Other applications
A variety of engineering applications with a research focus have been completed successfully. From civil engineering examples of interest were in quantifying porosity in high performance concretes [56, 57] , pore networks in collapsible soils [58] , as well as metal reinforcement in concrete and its distribution (not published). Some work in mechanical engineering has been reported [59, 60] . A particularly successful project involved high resolution imaging of fuel cell components and assisted in understanding the structural details such as layer thickness, coating thickness and the merging of coatings into fiber materials [61, 62] .
Food sciences and applied agricultural sciences has been a significant user of our facility as is demonstrated by a review article of X-ray CT in food sciences [12] . Some student projects with respect to maize kernel analysis have been completed [63, 64] , along with associated publications reporting on maize kernel endosperm volumes and their relation to hardness, density calibrations and determination of 3D density of maize kernels [23] and a high-throughput methodology for this process [24] . Some work regarding processing of wheat and comparing the oven and forced convection methods, have been reported in [65] and ongoing work in wheat, maize, popcorn and applications of food sciences and 3D imaging are in process. Horticultural work reported include pomegranate analysis [66, 67] , pears and plums as mentioned in the section on large sample sets [49] [50] [51] .
Strange samples
Some of the strangest samples scanned are briefly described here. One particularly strange example was that of roots of vine plants containing live bugs, scanned in order to visualise the location and extend of bug infestation ''in situ". The bugs moved around during the scan, sometimes causing a blur, which necessitated fast scanning to minimise the blur. Another strange request was that of small (<1 mm diameter) spherical shaped bones from the inside of fish ears, for morphological analysis. This sample type can easily be misplaced and sample mounting is challenging. Finally, a ''fresh dead" guinea fowl, still undergoing rigor mortis, was scanned to determine the location and extend of pellets in the meat, from the shotgun used. The challenge was to load the guinea fowl in a bucket with tape to keep it in place for the scan, even while rigor mortis was setting in which caused movement. Other relatively strange samples include a silkworm larva where its tracheal system was imaged [68] , a shrimp, leaves with hairs, sweet potato powders and chicken bones.
Conclusion
The aim here was to demonstrate the varied applications of Xray CT in the Stellenbosch University multi-user facility and through these examples show how X-ray CT can be used for different types of non-destructive investigations. A recent paper also compares medical and microCT for the purpose of typical nondestructive testing, which shows the benefits and limitations of both techniques [69] . Further examples can be found at the regularly updated website of the facility (http://www.sun.ac.za/ctscanner) as well as its regular newsletters also found on the website. The first four years have seen significant growth and we envisage the applications to continue to be as diverse, and we hope that the open access nature will lead to many discoveries not previously possible.
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